Background: In order to make full use of the opportunities while responsibly managing the risks of working with manufactured nanomaterials (MNM), we need to gain insight into the potential level of exposure to MNM in the industry. Therefore, the goal of this study was to obtain an overview of the potential MNM exposure scenarios within relevant industrial sectors, applied exposure controls, and number of workers potentially exposed to MNM in Dutch industrial sectors producing and applying MNM-enabled end products in the Netherlands.
INTRODUCTION
Nanomaterials are defined by the European Commission as natural, incidental, or manufactured materials containing particles, in an unbound state, as an aggregate or as an agglomerate and where, for 50% or more of the particles in the number size distribution, one or more external dimensions is in the size range 1-100 nm (European Commission, 2011) . In contrast to natural and incidental nanomaterials, which are a result of natural processes or produced as a by-product of a process, manufactured nanomaterials (MNM, also called engineered nanomaterials) are intentionally manufactured and produced to have specific properties (SCENIHR, 2010) . As materials reach the nanoscale size, their properties change and become dependent on their size, shape, and composition (SCENIHR, 2010) . The distinctive size-related properties of MNM are applied by incorporating MNM in a wide range of end products (further referred to as MNM-enabled end products), e.g. coatings, health and personal care products, composite materials (Luther, 2004; Borm et al., 2008) . Consequently, workers in e.g. the paint and coatings Downloaded from https://academic.oup.com/annweh/article-abstract/57/3/314/231049 by guest on 20 January 2019
Production and application of MNM-enabled end products 315 industry, car industry, and cosmetics are potentially exposed to MNM.
Although nanotechnology offers society huge technological and economic possibilities, the increasing production and applications of MNM also raises questions about potential health effects. Unfortunately, very little is known about the properties of MNM that determine exposure, uptake, kinetics, and the toxicity of MNM and consequently the health risks. Toxicological studies suggest that the small nature of MNM may allow them to pass various protective barriers in the human body and reach diverse organs where they can cause adverse effects to the cells (Nemmar et al., 2001; Takenaka et al., 2001; Oberdörster et al., 2002 Oberdörster et al., , 2004 Elder et al., 2006) .
Making full use of the opportunities of MNM, while responsibly managing their potential risks, is challenging. Among various other European governments, the Dutch government aims at a dual approach by increasing the knowledge on MNM risks by promoting research, and in the meantime, recommending the precautionary principle through prevention or minimization of exposure to MNM at the workplace. The communication on the precautionary principle that the European Commission formulated in 2000 is considered to be guiding (European Commission, 2000) . Gaining more insight into the potential exposure scenarios, the population 'at risk', and the applied exposure controls among this population is the primary step in both approaches.
Currently, there are only a few published surveys that have investigated the potential exposure scenarios and number of workers potentially exposed to MNM (Aitken et al., 2006; Gerritzen and Li-Chin, 2006; INRS, 2007; Borm et al., 2008; Schmid and Riediker, 2008; Schmid et al., 2010) . The Swiss study by Schmid et al. (2010) is the only published nationwide representative study allowing an estimation of the number of a nation's workers potentially exposed to nanoparticles at their workplace. This study used clients of the Swiss National Accident Insurance Fund (SUVA), which were considered representative of the manufacturing sector in Switzerland. The published surveys focused on the production of MNM (synthesis) as well as the production and use of MNM-enabled end products.
This study focused explicitly on the production and professional application of MNM-enabled end products, in which MNM are incorporated because of their specific properties that are exclusively due to their nanoscale. The principal objectives of this study were to (i) obtain an overview of the potential MNM exposure scenarios and associated relevant industrial sectors producing and applying MNMenabled end products in the Netherlands; (ii) make an inventory of applied exposure controls in these sectors; and (iii) estimate the number of workers potentially exposed to MNM in industrial sectors producing and applying MNM-enabled end products in the Netherlands. The number of workers potentially exposed to MNM is combined with a rough estimation of the emission potential in order to prioritize the most relevant exposure scenarios and industrial sectors for policy makers and researchers focussing on evaluating and managing the risks of occupational exposure to MNM.
In order to conduct a representative study like the Swiss study by Schmid et al. (2010) , this study also conducted a survey among a randomly selected group of companies, which could be considered representative of the companies in the Netherlands, i.e. members of sector organizations that represent the majority of companies within a certain sector (e.g. paint or automotive industry). This representative survey was conducted in three phases: (i) identification of MNM-enabled end products; (ii) identification of relevant industrial sectors; and (iii) a tiered telephone survey to estimate actual use of the products among sector organizations/ knowledge centres (Tier 1), 20 randomly selected companies per relevant sector (Tier 2), and actively searched companies (Tier 3). The sector organizations and companies were interviewed using a structured questionnaire. Hence, this survey is based on 'self-reported' products (i.e. product or material safety data sheets, product label, or technical specification) and not on actual analysed products. Figure 1 shows the phases in the life cycle of MNM, which are potentially relevant for worker exposure. In a previous study carried out in the Netherlands, Borm et al. (2008) focused mainly on the synthesis of MNM and formulation of nano-intermediates. These processes cover only the first stages of the life cycle of MNM. This study focuses on the stages of the life cycle of MNM after the actual synthesis, i.e. down-stream use of MNM during the production and professional application of MNM-enabled end products. During the production, MNM can be suspended in a liquid suspension, in powder form, and in solids. The products in which MNM are suspended in a liquid suspension or powder form can be professional applied (e.g. coating and concrete).
MATERIALS AND METHODS

Scope and boundaries of survey
Professional use of MNM-enabled products in a solid matrix (e.g. professional use of a coated computer keyboard or sports equipment), fracturing and abrasion of MNM-enabled end products, and assembling of parts containing MNM in a solid matrix to create a finished end product were not included in this study. The processes occurring in the last phases of the life cycle of MNM (i.e. maintenance and end-of-life (EoL) activities, e.g. recycling, incineration, waste-disposal, and so on) were not included in this study because the introduction of MNM-enabled end products is only at an early stage of the market value chain. However, it is realized that the EoL activities may involve potential for risk and will become relevant in the future. In addition, application of MNM in food, medicine, and medical supplies are not included because MNM in these products are a specific class of MNM that are designed to be administered to humans.
Conduct of survey
The survey was conducted in 2010-2011, in three phases (Fig. 2 ), as follows:
1. Identification of MNM-enabled end products. First, potential industrial applications of MNM in MNM-enabled end products were identified using the literature and the internet. Medline was searched for recently published papers (2008) (2009) (2010) relating to the life cycle of MNM (search items: nanomaterials, MNM, and nanoproducts together with industrial application). A Google search (search items: "nano" together with supposed products [e.g. paint, glue, and so on.] in Dutch and English) and a German database (www.nanoproducts.de) were used to identify MNM-enabled end products potentially produced or applied in the Dutch industry. Subsequently, MNMenabled end products were identified using reports on MNM-containing consumer products available on the Dutch market (Voedsel en Waren Autoriteit, 2010; Wijnhoven et al., 2010) . 
Identification of relevant industrial sectors.
The identified MNM-enabled end products were linked to relevant Dutch industrial sectors using relevant papers of other surveys or review papers (Roszek et al., 2005; Aitken et al., 2006; Gerritzen and Li-Chin, 2006; INRS, 2007; Borm et al., 2008; Schmid and Riediker, 2008; Schmid et al., 2010; Walhout et al., 2010) . The list of applications linked to potential sectors was reviewed by five external experts in the field of nanotechnology for completeness and supplemented where necessary.
3. Structured telephone surveys according to a tiered approach. Tier 1 was among sector organizations and knowledge centres. For each identified sector, at least one sector organization or knowledge centre was contacted by telephone. The responding person was interviewed using a structured questionnaire containing questions about potential production and application scenarios of MNM-enabled end products in that specific sector (available as supplementary data at Annals of Occupational Hygiene online). Tier 2 was among randomly selected companies. Per sector 20 randomly selected companies were contacted by telephone in order to get an indication of the percentage of companies producing or applying MNM-enabled end products on a commercial scale. This percentage is further referred to as the 'market penetration'. When a company indicated that they either produced or applied MNMenabled end products, the responding person was interviewed using a supplemental structured questionnaire containing questions about the nano-end product, its application (objective 1), applied exposure controls (objective 2), and number of workers potentially exposed within that company (objective 3) (Supplementary data are available at Annals of Occupational Hygiene online). Tier 3 was among actively searched companies. If no companies within the random survey indicated that they work with MNM-enabled end products and there were indications from sector organization/knowledge centres that MNM-enabled end products might be applied or produced within this sector, companies producing or applying MNM-enabled end products were actively searched through the internet and questionnaires were administered. In addition, if only one or two companies within the random sample of 20 companies indicated that they work with MNM-enabled end products, again actively searched companies within this sector were contacted and questionnaires were administered in order to get more information about the potential MNM exposure scenarios (objective 1) and applied exposure controls (objective 2).
Assessment of population 'at risk'
An estimate of the total number of workers potentially exposed to MNM per sector during the production or application of MNM-enabled end products was calculated based on the 'market penetration' of a specific sector multiplied by the 'total number of companies' in that sector and the 'average number of workers potentially exposed' to MNM within a company.
Market penetration. If at least one of the companies within the random sample (Tier 2, n = 20) indicated to produce or apply MNM-enabled end products on a commercial scale, the market penetration was estimated based on the random sample (>5%). However, if no companies within the random sample indicated to produce or apply MNM-enabled end products, an estimate of the market penetration was based on responses of the sector organizations/ knowledge centres (Tier 1), the identification in the random sample of companies that produce or apply MNM-enabled end products on a R&D or pilot scale, and the active internet search for companies in that sector (Tier 3). If one of these sources were positive, the market penetration was estimated to be 1% (i.e. lowest market penetration assuming that the market penetration is not 0%). If not, the market penetration was estimated at 0%.
In order to gain insight into the uncertainty in the market penetration, we calculated confidence intervals for the sectors with a market penetration >5%, by using the binomial proportion confidence interval based on the proportion of successes (i.e. found market penetration) and the sample size (i.e. 20 companies). If the lower limit of the amount of workers potentially exposed to MNM was lower than the number of workers exposed to MNM already found in our sample, we used the amount of companies using MNM-enabled end products as found in our sample divided by the total amount of companies within that sector as the lower limit. For the sectors with a limited market penetration (i.e. no companies identified among the random sample of 20), the extreme values for the market penetration of 0% (the actual market penetration is zero) and 4% (the highest market penetration that could not be detected in a random sample of 20 companies) were used as the lower and upper limit, respectively.
The total number of companies per sector was estimated based on two sources: (i) number of companies that were members of the sector organization. Because not all companies are sector organization members, this is probably an underestimate; and (ii) most recent available statistics from the Dutch Central Commission for Statistics (CBS, 2008) . It is likely that the statistics of 2008 differ from those of the present (2011). The total number of companies in the sector was estimated using the average of the two sources.
The average number of workers potentially exposed to MNM within a company per sector was estimated by taking the average of the number of workers potentially exposed, i.e. workers conducting activities with MNM and bystanders, as reported by the identified companies during the telephone interview.
Activity emission potential
The potential of emission and, therefore, the potential of exposure to MNM is largely determined by the so-called 'activity emission potential', which is a combination of the energy of the process, the amount of material processed, and the extent of the emission . The activities identified in Tiers 2 and 3 of the telephone survey were, based on literature and 'hands-on' expert information, classified into three indicative categories, i.e. relatively high, moderate, and relatively low emission activities. Consequently, the number of workers potentially exposed to MNM is combined with a rough estimation of the emission potential in order to prioritize the most relevant exposure scenarios and industrial sectors for policy makers and researchers focussing on evaluating and managing the risks of occupational exposure to MNM.
RESULTS
Potential MNM exposure scenarios and relevant sectors
A wide range of MNM-enabled end products were identified using the literature and the internet. Most of the identified MNM-enabled end products are coatings. Other products include additives for oil, fuel, or lubricants in the automotive industry, cleaning products, personal car/cosmetics, concrete, paper, and industrial clothing. Based on public sources and expert judgment, the identified MNMenabled end products could be linked to a broad range of potentially relevant sectors either producing or applying MNM-enabled end products in the Netherlands (Table 1) .
A total of 40 sector organizations/knowledge centres, 350 randomly selected companies (response rate 76%), and 110 actively searched companies were contacted. Of them, 28 of the randomly selected companies and 9 of the actively searched companies stated that they either produce or apply MNMenabled end products in the commercial phase. In addition, three of the randomly selected companies and two of the actively searched companies stated that the production of MNM-enabled end products was still in a pilot or R&D phase.
In Tables 2 and 3 , the identified sectors are shown classified by process, i.e. production or application of MNM-enabled end products. The MNM type and functionality are described when available. Titanium dioxide (TiO 2 ) in the nano range is mainly used for coatings because of its photocatalytic properties (i.e. water, dirt, and UV repellent). In addition, nano-silicon and nano-zirconium oxide (ZrO 2 ) give a coating scratch and corrosion resistant properties. These coatings are applied in a wide range of industrial sectors, i.e. painters/coaters, (textile) cleaning, automotive industry, construction, metal industry, and shoe repair shops. Other applications found were fumed silica and nanoclay in tires, concrete, and plastics for strength and durability; carbon black in tires as filler; metal oxides in cosmetics for UV absorption, and nano cellulose in paper also for strength and durability.
The identified companies were also asked about the industrial activities likely to cause exposure to MNM (Tables 2 and 3) . Five different activities could be distinguished: (i) dumping and mechanical mixing of nanoconcentrates or nanocomposites (powder, liquid, or granules) with relatively high or (ii) low energy levels, (iii) dumping and manual mixing of liquid nanocomposites, (iv) manual application of liquid MNM-enabled end products, and (v) application of MNM-enabled end products by spraying.
For the electronics industry, several applications were identified (Table 1) . Contact with five knowledge centres/sector organizations, five experts in the field of nanotechnology, and six major electronics companies confirmed some of these applications but indicated that to their knowledge, the relevant industrial processes occur outside the Netherlands. Unfortunately, these contacts did not provide insight in subsectors in which additional application of nano products may occur in the Netherlands. Therefore, the electronics industry could not be included in this study.
Exposure controls
Of the 37 companies, 33 companies stated to either produce or apply MNM-enabled end products, provided information on the exposure controls (Table 4) . A small proportion of the companies informs their employees about working with MNM by including MNM-related activities in their risk inventory and evaluation (RI&E, 18%), providing training specifically focussed on working with MNM (9%), and by drawing up a MNM-specific work protocol (24%). Over half of the contacted companies used general ventilation (52%) and/or local exhaust ventilation (LEV, 39%) as exposure control. At least one type of personal protective equipment (PPE) is applied in more than half of the companies, i.e. gloves (73%), respiratory protective equipment (RPE, 52%), and coveralls (85%). However, mechanical ventilation and PPE were usually applied to reduce the exposure to various harmful conventional substances rather than to reduce exposure to MNM.
Number of potentially exposed workers
The number of workers (including bystanders) potentially exposed to MNM per sector during the production or application of MNM-enabled end products was calculated based on the estimated market penetration, total number of companies in that sector, and the average number of workers potentially exposed to MNM within one company (Tables  2 and 3 ). Summing over all identified sectors results in a total number of approximately 3000 workers in the Netherlands considered to be potentially exposed to MNM during the production or application of MNM-enabled end products.
A market penetration of >5% was found in the random sample of companies for the shoe repair Table 2 . Overview of the identified sectors, exposure scenarios, and number of workers potentially exposed to MNM during the production of MNM-enabled end products in the Netherlands (information gained from the telephone survey). shops, automotive, construction, paint, metal, and textile cleaning industry. In the random sample taken from the plastics/synthetics, paper, and cleaning industry, no companies were found producing or applying MNM-enabled end products in the commercial phase. However, other indicators, i.e. insight of sector organization, production/ application of MNM-enabled end products in the Number of non-member sector organization (46) * market penetration (50%) * 40 workers potentially exposed per company = 920 workers Maximal total exposed = 920 + 453 = 1373. Minimal total exposed = 453. Therefore, average total exposed = 913 workers. a The number of potentially exposed workers was calculated as follows: the number of members of the sector organization (650) * market penetration (1%) * 2 workers potentially exposed per company = 13 workers out of 120 000 workers makes 1.1%. This percentage issued to calculate the number of potentially exposed workers among all workers in the sector (150 000 according to statistical data), resulting in maximal 16 potentially exposed workers. Therefore, the average number of potentially exposed workers is 15. b The number of potentially exposed workers was calculated as follows: the number of members of the sector organization (14) * market penetration (83%) * 39 workers potentially exposed per company = 453 workers.
c Number of potentially exposed members of the sector organization: 2000 companies * 5% * 2.5 employees = 250 of a total of 19 700 company employed workers (20 500 minus 800 self-employed) is 1.3%. This percentage is extrapolated to the number of potentially exposed workers among all members including self-employed workers (20 500) and among all workers in the sector (30 000), resulting in minimal 260 and maximal 381 potentially exposed workers, respectively. Therefore, the average number of potentially exposed workers is 321.
R&D or pilot phase, or the active search, indicated the potential production or application of MNMenabled end products in these sectors. Therefore, for these three sectors, the market penetration is estimated to be limited but not zero (1%). Taking into account the uncertainties in the market penetration by calculating confidence intervals (sectors with a market penetration >5%) and using 0 and 4% as lower and upper limit, respectively (sectors with a limited market penetration), resulted in an estimate of 1100 and 7400 potentially exposed workers. The sector organization for cosmetic production had recently held a survey on the application of MNMs in their sector and directly provided information about the number of companies producing or applying MNM-enabled end products (three companies). These companies were all contacted for a telephone interview.
For the cleaning sector and the painters/coaters, the total number of companies per sector could not be determined with statistics provided by the CBS because CBS coding did not give enough details. For these sectors, information provided by the sector organizations on their estimated coverage of the total workforce was used to extrapolate to the entire industry population. Briefly, the members of the cleaning sector organization cover approximately 75% of the total workforce in the cleaning industry. The members of the paint sector organization consist of companies with employees (2000 workers ≈ 80% of the company employed work force) and selfemployed (800 workers ≈ 7% of the self-employed work force). See footnote Table 3 for calculation details.
The sector organization for concrete repair counted a total of 14 members of which 6 could be contacted. Five of the six contacted companies apply MNM-enabled end products (83%). In order to enlarge the sample, a random sample was taken among concrete repair companies that are not a member of the sector organization. Six companies were contacted of which three apply MNM-enabled end products (50%).
In addition, Borm et al. (2008) reported that during the production of toners, approximately 90 workers in 3 companies are potentially exposed to MNM in the Netherlands. Because this is a recent estimate, this number was adopted in this study.
Activity emission potential
In Tiers 2 and 3 of the telephone survey, five different activities could be distinguished. These activities can be classified as follows:
1. Relatively high emission activities, i.e. 'applications of MNM-enabled end products by spraying' (Hagendorfer et al., 2009 ) and 'processes with high mechanical forces' (Koponen et al., 2009 , 2. Moderate emission activities, i.e. 'dumping and mechanical mixing of nanoconcentrates or nanocomposites with relatively high energy levels', and 3. Relatively low emission activities, i.e. 'dumping and mechanical mixing of nanoconcentrates or nanocomposites with relatively low energy levels' and 'manual application of liquid MNMenabled end products ' (van Duuren-Stuurman et al., 2012) .
Combining the estimated number of potentially exposed workers and the rough estimation of the emission potential (Fig. 3) indicates that it is recommended for future studies and policy makers to give the highest priority to spray application, namely in shoe repair shops, painters/coaters, and automotive industry.
DISCUSSION
This study gives a comprehensive overview of potential MNM exposure scenarios, applied exposure controls, and the number of workers potentially exposed to MNM in a wide range of industrial sectors producing and applying MNM-enabled end products in the Netherlands.
In this survey, 37 of the 460 contacted companies (randomly selected and actively searched) stated to either produce or apply MNM-enabled end products in the commercial phase. The majority of the identified applications are coatings, which are produced and applied in a wide range of industrial sectors. The most dominant industrial sectors producing or applying MNM-enabled end products (market penetration >5%) are shoe repair shops, automotive, construction, paint, metal, and textile cleaning industry. It should be noted that the market penetration refers to the percentage of companies producing or applying MNM-enabled end products on a commercial scale and should, therefore, not be confused with the penetration of products on the market. Of the companies producing or applying MNM-enabled end products in the commercial phase, <24% use nano-specific exposure controls (i.e. mention MNM in the RI&E, train workers in the safe use of MNM, or have a nano work protocol). In addition, most companies use non-nano-specific exposure controls (i.e. PPE, mechanical ventilation) to reduce exposure to all the harmful substances. The total number of workers (including bystanders) potentially exposed to MNM during the production or application of MNM-enabled end products in the Netherlands is estimated at approximately 3000 workers. The number of potentially exposed workers reported in the study of Borm et al. (2008) , i.e. approximately 500 workers, is reflecting the first stages in the life cycle and are, therefore, to a large extent complementary to the number reported in our study.
By combining the estimated number of potentially exposed workers and the rough estimation of the emission potential, we can recommend future studies and policy makers to give the highest priority to spray applications, namely in shoe repair shops, painters/coaters, and automotive industry.
It should be noted that the frequency and duration of exposure were not assessed in the survey and are, therefore, not taken into account for this prioritization. This study focused on the main activities and did not separately collect information about the sub activities like post-application and post-processing tasks, e.g. equipment cleaning, which can lead to significant exposure to MNM. In addition, processes with high mechanical forces or hot processes, which result in a relatively high exposure to MNM, can also occur during EoL activities and will become relevant in the future.
Several other studies have investigated the production and/or professional application of MNM and MNM-enabled products.
An international study conducted for the International Council on Nanotechnology, which has held telephone interviews and written-and web-based surveys among organizations working with nanomaterials around the world, reported that the most common industries operating with MNM are coatings and automotive industry together with R&D, electronics, energy, medical, and plastics (Gerritzen and Li-Chin, 2006) .
Mainly based on information released on company websites, a study conducted in the UK concluded that the main MNM-enabled end products used in the UK in 2005 are catalysts, lubricants and fuel additives, paints and coatings, personal care products, medical products, and electronics (Aitken et al., 2006) . A total of 53 commercial companies were involved in producing, processing, and/or application of MNM and 55 non-commercial organizations were undertaking nanotechnology-related R&D in the UK in 2005. In this study, they did not define the number of workers potentially exposed to MNM. A Swiss survey among clients of the SUVA reported that the synthesis and formulation of MNMs and the production and application of MNMenabled end products primarily occurs in the chemistry, automobile, and electronics industry, in which 1309 workers are estimated to be potentially exposed (Schmid and Riediker, 2008; Schmid et al., 2010) .
In addition, a study by the National Research and Safety Institute (INRS, 2007) in France reported that between 2000 and 4000 workers are potentially exposed to MNM during the production only.
The most dominant sectors identified in these studies are consistent with those identified in this study, with the exception of the electronics industry, which could not be included in this study due to its diverse character. Because other studies identified the electronics industry as a dominant sector producing and applying MNM and MNM-enabled end products, it can be concluded that additional research is necessary to identify potential exposure in the Dutch electronics industry.
The number of workers potentially exposed to MNM in the Swiss industry is comparable to this study, considering the population size of the countries (Netherlands: 17 million residents and Switzerland: 7.6 million residents). Given the population size of France (65 million residents) compared with the Dutch population, the estimated number of potentially exposed workers in this study seems to be relatively high. However, the dissimilarities regarding the focus and scope of the studies give rise to the assumption that the results of the studies do not necessarily contradict.
There are six published surveys that have investigated the use of and potential exposure to MNM of which all but one, i.e. Gerritzen and Li-Chin, 2006, Dumping and mechanical mixing of nanoconcentrates or nanocomposites with relatively low energy levels.
2 Dumping and mechanical mixing of nanoconcentrates or nanocomposites with relatively high energy levels.
3 Dumping and manual mixing of liquid nanocomposites. 4 Manual application of liquid MNM-enabled end products.
5 Application of MNM-enabled end products by spraying.
present nationwide information. Three of the five nationwide studies investigated the number of workers exposed, (i.e. INRS, 2007; Borm et al., 2008; Schmid et al., 2010) of which only one conducted a representative survey allowing an estimation of the number of workers potentially exposed to nanoparticles at their workplace, i.e. Schmid et al. 2010 . Besides the Swiss study by Schmid et al. 2010 , this study is the first nationwide representative study evaluating the potential for occupational exposure to MNM. However, to our knowledge, this study is the first evaluating the potential for exposure to MNM in an entire country focussing only on the production and applications of MNM-enabled end products. Focussing on only a part of the life cycle not only allowed to investigate whether a company is working with MNM but also allowed us to gain detailed information on the exposure scenarios (i.e. activity, product), applied exposure controls, and workers involved including bystanders.
The Dutch government recommends the precautionary principle through prevention or minimization of exposure to MNM at the workplace. Of the companies producing or applying MNM-enabled end products in the commercial phase, <24% showed that potential exposure to MNM is a specific point of interest. Two other studies also reported that in most companies, the applied exposure controls do not significantly differ from the conventional safety measures for handling chemicals in Switzerland (Schmid and Riediker, 2008) and worldwide (Gerritzen and Li-Chin, 2006) . In addition, a study by van Broekhuizen et al. (2011) and the interviews with the various companies in this study show that the awareness related to the use of MNM-enabled end products may be limited (Broekhuizen et al., 2011) . Therefore, the Dutch government/policy makers should focus on increasing the awareness around exposure to MNM.
However, the majority of the contacted companies do apply non-MNM-specific ventilation systems or PPE to limit exposure to harmful substances in general. Although the results of a few studies indicate that conventional exposure controls reduce exposure to nanomaterials (Methner, 2008; Pui et al., 2008; Vaughan et al., 2009; Golanski et al., 2010) , their effectiveness is not yet investigated comprehensively and should be further investigated before companies can be advised on the safe use of MNM.
When interpreting the results of the current survey, we must be aware of the potential limitations and uncertainties. This study investigated a wide range of industrial sectors resulting in an overview of the most relevant sectors potentially exposed to MNM. However, because of the diversity of potential applications and industrial sectors, some applications and (sub) sectors might be missed. In addition, identification of the MNM-enabled end products in this study was based on labelling of the product as containing MNM or a claim of the producer or retailer. A study by Nazarenko et al. (2011) has shown that some products not labelled as nanoproduct may contain MNM and the other way around (Nazarenko et al., 2011) , suggesting that some identified applications may not be valid, whereas other applications may have been missed.
The number of workers potentially exposed to MNM was calculated using the average number of workers exposed within a company including the bystanders, e.g. workers present in the same room as the performed activity with MNM. Once the MNM are airborne, it is assumed that they can stay airborne for a long time and travel a long distance due to local airflows and turbulence . Therefore, we assumed that all workers present in the room where the activity with MNM takes place could potentially be exposed to MNM. However, this assumption was not based on actual measurements and, therefore, the number of workers potentially exposed could be an overestimation.
Another source of uncertainty that may have influenced the assessment of the market penetration is the relatively small sample size (20 companies per sector). To gain insight into the uncertainty in the market penetration, we calculated confidence intervals for the sectors with a market penetration >5%. For the sectors with a limited market penetration (i.e. no companies identified among the random sample of 20), 0 and 4% were used as lower and upper limit, respectively. Taking into account the uncertainties in the market penetration resulted in an estimate of 1100 and 7400 potentially exposed workers. This estimate was based on the variation of just one parameter, i.e. the market penetration. However, other sources of uncertainty may have influenced the assessment of the population 'at risk', i.e. the amount of companies within a sector, the number of workers exposed per company, and the variation in company size (e.g. paint and cleaning industry).
In conclusion, MNM are applied in a wide range of industries and a few thousand workers are potentially exposed to MNM during the production or application of MNM-enabled end products in the Netherlands. In addition, the results show that in the majority of the companies (76%), exposure to MNM is not a specific issue of concern, demonstrating a lack of awareness. It should be noted that the developments around nanotechnology are very dynamic and the number of MNM-containing products is expected to increase in the years ahead. In order to gain a more complete overview of the potential exposure scenarios and number of workers exposed throughout the full life cycle of MNM, insight in the last phases of the life cycle of MNM is crucial. Given potentially high exposure levels during processes with high mechanical forces (or high temperatures), future studies should especially focus on identification of MNM-enabled end products processed during EoL processes. Furthermore, additional research is necessary to identify potential exposure in the electronics industry. The results of this study will serve as a basis for in-depth exposure and health surveys that are currently being planned in the Netherlands. In addition, the information gained can be used by policy makers to promote the precautionary principle and support companies to prevent or minimize exposure to MNM at the workplace.
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